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The prfA gene ofListeria monocytogenes encodes a protein that activates transcription of the listeriolysin gene
(lisA). In order to explore the role of the prfA gene product in the pathogenesis of listerial infection, we
constructed a site-directed insertion mutation in prfA by the chromosomal integration of a novel suicide vector
containing a portion of the prfA coding region. This mutation not only transcriptionally silenced the listeriolysin
(lisA) gene but also abrogated production of specific RNA transcripts corresponding to the phosphatOdylfiiti-
tol-specific phospholipase C (pic) and metalloprotease (mpl) genes, two further virulence gene products
expressed only by pathogenic Listeria strains. The strain was also found to be avirulent when tested in a mouse
model of listerial infection. The concomitant loss of multiple characteristics such as production of LisA, Pic,
Mpl, and loss of virulence in a mouse infection model is the result of a mutation in a single gene and
demonstrates that the prfA gene product is a positive regulator of multiple virulence determinants in L.
monocytogenes.

Listeria monocytogenes, a gram-positive facultative intra-
cellular bacterium, is an opportunistic pathogen for animals
and humans (31). The recent increase in incidence of human
listeriosis and its association with several food-borne epi-
demics (6, 22, 23, 30) have prompted study of the character-
istics of pathogenic Listeria strains that result in invasive
disease following consumption of Listeria-contaminated
food. Much progress has recently been made in identifying
genes and genetic loci required for uptake and intracellular
survival of this bacterium within eucaryotic host cells (7, 8,
12, 16, 17, 29, 33). Nevertheless, little is known of the factors
that regulate the expression of these genes.
Growth of pathogenic Listeria strains within host tissues is

dependent upon the production of the hemolytic exoprotein
listeriolysin (7, 16), a 58-kDa protein that is encoded by a
single gene, lisA (3, 18, 26). The hemolysin is essential for
intracellular growth of the bacterium within the host phago-
cytic cells, where it participates in the lysing of the phagoly-
sosomal membrane, allowing the invading bacterium free
access to the host cytoplasm (28, 34). Expression of the
listeriolysin gene is positively regulated at the transcriptional
level by the product of the prfA gene (21). Recently, we have
shown that the prfA gene also regulates expression of a gene
encoding phosphatidylinositol-specific phospholipase C (pic
[19]). Hence, the prfA gene product may play an important
role in controlling multiple virulence properties of Listeria
monocytogenes. The prfA gene encodes a 27,100-Da protein,
and little is known of its molecular mechanism of action.
Alteration of the prfA gene in L. monocytogenes through the
construction of specific missense and deletion mutants might
provide a means of elucidating the mechanism of action, as
well as help in the identification of other gene products that
might be under prfA control.
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t Present address: GBF, Mascheroder Weg 1, Braunschweig,

Germany.

An ahemolytic L. monocytogenes strain, SLCC 53, har-
boring a deletion within the prfA coding region has recently
been characterized (20). However, this strain is a spontane-
ously occurring mutant, and secondary mutations affecting
hemolysin production may also exist. Hence, we wished to
construct an isogenic mutant of a virulent wild-type isolate in
order to evaluate the wider role of the prfA gene product in
the pathogenesis of listerial infections. Here, we report the
construction of a site-directed prfA insertion mutant con-
structed by chromosomal integration of a novel suicide
plasmid containing a portion of the prfA coding sequence.
Our studies suggest that coordinate regulation of virulence in
L. monocytogenes is mediated by the PrfA protein.

MATERIALS AND METHODS

Bacterial strains, media, and reagents. The weakly hemo-
lytic L. monocytogenes serotype 1/2a strain EGD has been
described previously (18). The Escherichia coli strain DH5a
was used for cloning and transformation. L. monocytogenes
was grown in brain heart infusion (BHI) broth (Difco) at
37°C. E. coli strains were routinely grown in Luria-Bertani
(LB) broth at the same temperature. Antibiotics were used at
the following concentrations: ampicillin, 100 jxg/ml for E.
coli; erythromycin, 300 p.g/ml for E. coli and 5 jig/ml for L.
monocytogenes. Restriction enzymes and ligase were pur-
chased from Boehringer Mannheim and used as recom-
mended by the manufacturer. All other salts and ancillary
agents were purchased from Sigma (Deisenhofen, Federal
Republic of Germany).

Southern hybridization. Bacterial chromosomal DNA was
isolated as described previously (18). Total genomic DNA
was cleaved by EcoRI restriction endonuclease and electro-
phoresed overnight at 30 V through a 0.7% agarose gel.
The DNA was transferred to nitrocellulose sheets by the
method of Southern (32). DNA probes were labeled with
[a-32P]dATP by the random priming technique (5). Hybrid-

568



prfA REGULATES VIRULENCE GENES IN L. MONOCYTOGENES 569

[SiF-0

pP N H
X H a X E H HX|H X a X H ia0Su

I ,_ I I._ I

pnfA pie ll*A mpo

- - - probes

,a pLMSI

pLMSI -10

FIG. 1. Restriction map of the chromosomal region harboring the prfA, pic, lisA, and mpl genes of L. monocytogenes EGD. The locations
of these genes are indicated, together with their direction of transcription. DNA probes used in the detection of the various RNA transcripts
are indicated. Heavy lines represent various lengths of L. monocytogenes chromosomal DNA inserted into the plasmid pUC18 vector.
Regions following the double-slashed lines are not drawn to scale. The deletion present in strain SLCC 53 is shown at the top of the figure
in brackets. B, BamHI; E, EcoRI; H, HindlIl; Hp, HpaI; N, Nhel; P, PstI; X, XmnI.

ization conditions used for the detection of the various
listerial genes were as described previously (18).

Isolation of mRNA and Northern (RNA blot) hybridization.
Bacterial cultures were grown overnight with vigorous aer-
ation at 37°C. Total RNA was isolated from L. monocyto-
genes by a modification of the hot phenol extraction method
as published earlier (11). The concentration of RNA was
determined spectrophometrically, and the RNA was stored
at -70°C until further use.
RNA was analyzed by formaldehyde gel electrophoresis

(1) following denaturation in 50% formamide-2.2 M formal-
dehyde-20 mM morpholinepropanesulfonic acid (MOPS}-5
mM sodium acetate-1 mM EDTA and heating for 65°C for 10
min. A total of 10 p,g of RNA was electrophoresed through
1.2% agarose gels. The electrophoresis buffer consisted of 20
mM MOPS, 5 mM sodium acetate, and 1 mM EDTA.
Size-fractionated RNA was transferred onto nylon sheets
(Hybond N; Amersham) and hybridized with the appropriate
radiolabeled probe under the conditions recommended by
the vendor. Following extensive washing of the nylon
sheets, bands were visualized by autoradiography.

Preparation of DNA probes. Plasmid pAUL51-10 was
linearized by digestion with the restriction endonuclease
KpnI and radiolabeled with [d-32P]dATP as described above.
Specific gene probes for lisA, pic, and mpl were derived after
digestion of plasmid pLM51 with the appropriate restriction
endonucleases and electroelution of the required DNA frag-
ment from the gel following agarose gel electrophoresis. The
regions corresponding to the gene probes are indicated in
Fig. 1.
Hemolysin and phospholipase C assays. Hemolytic titers

were determined as described before (18). When appropri-
ate, supernatant fluids were supplemented with either 10 mM
dithiothreitol or cholesterol (25 ,ug/ml). The phosphatidyl-
inositol-specific phospholipase C (PIPLC) activities of List-
eria strains were detected by adding 1% L-d-phosphatidyl-
inositol substrate (Sigma; catalog number P6636) in 0.7%
agarose as an overlay after overnight incubation of the
bacterial colonies on LB agar plates at 37°C. PIPLC-active
strains show a turbid halo around the colony (19).

Transformation. Plasmids were introduced into L. mono-
cytogenes by protoplast transformation as described previ-
ously (35).
Mouse virulence assay. The mouse bioassay was per-

formed as described by Kaufmann (14). Mice (strain NIH)
were infected intravenously with approximately 103 listeriae
diluted in 70 mM phosphate buffer (pH 7.2) containing 0.25%
NaCI. At days 2 and 4, bacterial numbers present in the
spleen were determined. Spleens were first homogenized,

and 0.1-ml portions of appropriate dilutions were plated on
BHI agar plates and counted after overnight incubation at
370C.

Construction of pAUL-A. Plasmid pAUL-A was con-
structed as follows (Fig. 2). The 2.3-kb HpaI fragment
containing the temperature-sensitive origin of replication
from plasmid pE194 was isolated from plasmid pTV32ts (36)
and inserted into the same site of plasmid pJDC9 (2). Plasmid
pJDC9 contains a lacZa' multiple cloning site surrounded by
transcriptional terminators and an erythromycin resistance
marker expressed in both E. coli and Listeria spp. Recom-
binant plasmids were selected by their ability to grow on
erythromycin-containing LB plates and screened for the
presence of the 2.3-kb HpaI fragment from plasmid
pTV32ts.

Construction of derivatives of plasmid pAUL-A carrying
internal sequences from prfA. The fragment carrying internal
sequences from prfA was derived from plasmid pLM51-10,
which encodes only the first 183 codons of the prfA gene
(Fig. 1). A 455-bp BamHI fragment carrying only sequences
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FIG. 2. Construction of the vector plasmid pAUL-A. MCS,

multiple cloning site.
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FIG. 3. Southern blot analysis of pAUL 51-10 integration events. (A) The region bracketed by the BamHI sites on pAUL51-10 represents
the internal fragment of the prfA gene from pLM51-10. In the absence of suitable cloning sites, the adjacent vector BamHI site in pLM51-10
was used together with the prfA-internal BamHI recognition site to permit cloning into pAUL-A. Homologous recombination (x) integrates
pAUL51-10 into the chromosome to give the fragments indicated on the diagram. The thick arrows indicate the direction of transcription of
the truncated prfAI gene. See Fig. 1 legend for abbreviations. (B) Chromosomal DNA samples from the strains indicated below were digested
with EcoRI, electrophoresed in an agarose gel, transferred to nitrocellulose, and hybridized to 32P-labeled pAUL51-10. Bands appearing on
the autoradiograph are labeled with letters that correspond to the fragments indicated on the schematic diagram given in panel A. Lanes: 1,
strain EGD harboring plasmid pAUL51-10 and grown at 42°C; 2, EGD harboring plasmid pAUL51-10 and grown at 30°C; 3, EGD harboring
pAUL-A and grown at 30°C; 4, EGD; 5, vector plasmid pAUL-A.

internal to the prfA gene was purified from an agarose gel
slice by electroelution and ligated to pAUL-A. Recombi-
nants were identified as Lac- colonies, and plasmid DNA
was analyzed by using restriction endonucleases to identify
plasmids carrying the correct insert. The resulting plasmid,
pAUL51-10, was transformed into L. monocytogenes EGD.
Integration of the plasmid was achieved by growing trans-
formed strains at 42°C, a temperature restrictive for the
replication of plasmid pAUL51-10.

RESULTS

Construction of a prfA insertion mutant. A prfA mutant of
L. monocytogenes EGD was constructed by insertion of a
plasmid containing a portion of the prfA gene into the
chromosomal copy of this gene by homologous recombina-
tion. To do this, we first constructed pAUL-A, a shuttle
vector that is capable of autonomous replication in both E.
coli and Listeria spp. (see Materials and Methods). How-
ever, in Listeria spp., this plasmid is incapable of replication
at temperatures higher than 30°C because of the tempera-
ture-sensitive origin of replication from plasmid pE194ts
(10). We found that less than 0.1% of the transformants
harbor an autonomous plasmid when grown at the restrictive
temperature of 42°C for 20 generations.
The insertional mutation in the prfA gene of L. monocy-

togenes EGD was isolated by first cloning a DNA fragment
harboring an internal segment of the prfA coding sequence
into plasmid pAUL-A to generate plasmid pAUL51-10 (Fig.
1 and 3). After transformation of the plasmid into L. mono-
cytogenes and growth at 30°C overnight, colonies were
streaked out onto plates and incubated at 42°C overnight.

Several transformants were purified by restreaking colonies
onto BHI plates containing erythromycin and further incu-
bation at 42°C. Erythromycin-resistant transformants should
contain the transformed plasmid integrated into the genome
by homologous recombination between the prfA gene on the
chromosome and the cloned sequence present on the plas-
mid.

This was shown to be the case by Southern blot hybrid-
ization of a representative L. monocytogenes strain trans-
formed with the plasmid pAUL51-10. Genomic DNA from
the parental L. monocytogenes strain EGD, harboring either
the vector plasmid pAUL-A or pAUL51-10, was isolated
after growth of the bacteria at different temperatures and
cleaved with the restriction endonuclease EcoRI. Radiola-
beled plasmid pAUL51-10 was used as a probe to detect
integration events. The 3.0-kb EcoRI fragment (fragment A)
detected in the wild-type strain and a derivative harboring
only the vector plasmid pAUL-A is the original chromo-
somal fragment (Fig. 3B, lanes 3 and 4). The additional
9.2-kb EcoRI fragment seen in lanes 3 and 5 corresponds to
the vector plasmid pAUL-A. Even when strains carrying
pAUL51-10 were grown at 30°C, it was apparent that a high
proportion of bacteria carried a disruption of the prfA gene.
Hence, new EcoRI fragments of 12.2 and 0.5 kb (fragments
B and C) created by the integration event are observed in
addition to a 9.6-kb EcoRI fragment corresponding to plas-
mid pAUL51-10 (Fig. 3B, lane 2). At the higher temperature,
integration of plasmid pAUL51-10 into the genome at the site
of the prfA gene is efficient, and no fragment corresponding
to free replicating plasmid is observed (Fig. 3B, lane 1).

It is apparent from Fig. 3B that the chromosomal insertion
of plasmid pAUL51-10 creates two half-copies of the prfA
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EGD wt prfAl

FIG. 4. Detection of PIPLC activity in L. monocytogenes EGD
(wild type [wt]) and the isogenic EGD prfAl mutant. The assay was
performed as described in Materials and Methods. PIPLC-active
clones show a turbid halo around the colony as a result of release of
insoluble diacylglycerol from the substrate.

gene, but only the promoter-proximal half of the copy
carried sequences encoding the amino-terminal end of the
PrfA protein. Hence, this half-copy (the prfAl allele) en-
codes a truncated PrfA peptide that lacks C-terminal amino
acid residues.

Characterization of the prfA insertion mutant. The prfAl
mutant was analyzed for the production of listeriolysin by
the hemolysis assay after overnight growth in BHI medium.
No differences in the growth rate were detected between the
wild-type strain and the mutant strain in this medium. The
mutant produced no detectable listeriolysin, whereas the
wild-type strain produced a titer of 8 hemolytic units (HU)
under identical conditions of growth. We also assayed for
the presence of PIPLC activity, which, as we have recently
shown, is coexpressed with listeriolysin (19). This experi-
ment showed that PIPLC activity is entirely absent in the
prfAl mutant (Fig. 4). Hence, the toxin-deficient phenotype
of this mutant is similar to that of the previously described
spontaneously occurring prfA deletion mutant.
The deletion within the prfA gene in the ahemolytic strain

SLCC 53 affects production of listeriolysin at the transcrip-
tional level. Northern blot analysis of total RNAs obtained
from the prfAl mutant showed that the lisA transcript was
also absent in this strain (Fig. 5). We further examined the
ability of the prfA mutant to produce transcripts correspond-
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ing to the pic gene and a newly discovered metalloprotease
gene (mpl [4]). These genes flank the lisA gene, are unique to
pathogenic L. monocytogenes, have common sequences
with lisA upstream of their respective promoters, and are de
facto virulence factors of this organism (18, 24, 25; our
unpublished results). In the parental EGD strain, two tran-
scripts of 2.1 and 1.1 kb were obtained with the pic gene
probe (Fig. 1 and 5). The smaller transcript corresponds to
the pic gene itself, while the larger RNA species also
includes the prfA gene that is located downstream. In the
prfAl mutant strain, neither of these RNA transcripts were
detected. Two transcripts of 1.8 and 5.4 kb were detected
when total RNAs from the parental strain were probed for
the presence of the mpl transcript. The shorter transcript
contains only the mpl gene, while the longer transcript would
result from transcription extending beyond the mpl gene
(Fig. 5). As before, neither transcript was detected in the
prfAl mutant strain. Hence, mutation of the prfA gene
results in the concomitant abrogation of expression of the
lisA, pic, and mpl genes in L. monocytogenes.

Virulence of the prfAl mutant in mice. The effect of the
prfAl mutation on virulence was assessed by the ability of
this mutant to grow in host tissues when injected intrave-
nously in mice. In contrast to the wild-type strain, which
showed significant growth in the spleens of infected hosts,
the number of bacteria present in the spleens of mice
infected with the prfA mutant strains EGD prfAl and SLCC
53 prfA declined rapidly at 2 days following infection and
showed no further growth (Fig. 6). Hence, the absence of a
functional prfA gene product in virulent L. monocytogenes
renders the strain avirulent and incapable of growth in host
tissues.

DISCUSSION
The molecular cloning and identification of a number of

listerial gene products, such as lisA, pic, mpl, ImaA, iap, and
prfA (4, 9, 15, 18, 19, 21, 26), has made it imperative to
obtain defined mutants in order to assess the role of the
individual gene products in listerial infection. With this goal
in mind, we constructed a novel shuttle vector, pAUL-A,
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FIG. 5. Agarose gel electrophoresis of total RNA and the corresponding autoradiograms from Northern blot analysis of transcripts
produced by strains EGD (lane 1) and the isogenic mutant EGD prfAl (lane 2) with the gene probes pic (A), lisA (B), and mpl (C). The probes
used in the detection of transcripts corresponding to the respective genes are indicated in Fig. 1. The molecular sizes of the transcripts
obtained are indicated (in nucleotides). Equivalent amounts of total cellular RNA were analyzed for each strain.
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FIG. 6. Growth curves of L. monocytogenes strains EGD (A),
solid triangles EGD prfAl (U), solid squares and SLCC 53 prfA (0)
solid circles in spleens of mice. Mice were infected with different
numbers of viable listeriae, and the number of bacteria was deter-
mined on various days thereafter as described in the text. Each point
represents the mean values for four mice.

capable of site directing virtually any nonlethal mutation into
the listerial chromosome. Mutagenesis of the desired gene
product is performed in an E. coli host in which cloning is
facilitated by the presence of a lacZa' multiple cloning site
flanked by transcriptional terminators and an erythromycin
resistance marker that is expressed in both E. coli and
Listeria spp. Replication of the plasmid in the latter host
occurs at temperatures below 30°C because of the tempera-
ture-sensitive nature of the pE194ts replicon. The efficiency
of the integration process is clearly demonstrated in lane 2 of
Fig. 3B, where a substantial proportion of cells grown even
at the permissive temperature carry integrated plasmids.

In this communication, we described the construction and
characterization of a strain of L. monocytogenes carrying a
chromosomal insertion within the prfA gene. The mutation
was site directed by the use of a specific internal fragment of
the prfA gene to target the integration of a nonreplicating
plasmid into the chromosomal prfA gene by homologous
recombination. The integration event truncates the prfA
gene at its BamHI site, removing 203 codons from its 3' end.
The phenotype of this mutant is similar to that of the prfA
deletion mutant characterized in the spontaneously occur-
ring nonhemolytic mutant SLCC 53, which produced no
detectable amounts of listeriolysin or PIPLC.

The prfA gene was originally defined as a positive regula-
tory factor required for listeriolysin expression (21). We
have previously shown that transcomplementation of the
ahemolytic SLCC 53 prfA mutant with the cloned prfA gene
leads to the reappearance of both hemolytic and PIPLC
activities in this strain (19, 21). In this study, using a
site-directed prfA insertion mutant, we showed that the PrfA
protein is essential for the transcription of the lisA, pic, and
mpl genes and the product of a further open reading frame
located 3' to the metalloprotease gene (Fig. 7). Northern blot
analysis revealed that the genes flanking the listeriolysin
gene are organized in two separate operons, one comprising
the pic and prfA genes, and the other being the mpl gene and
an open reading frame located immediately downstream
from it. These genes are all clustered on a region of the
chromosome of L. monocytogenes that is unique to this
pathogenic species. Studies with mutants carrying site-
directed insertions in individual genes identified in this
region show that they all exhibit reduced virulence in the
mouse model of infection (24, 25; our unpublished results).
Hence, the PrfA protein appears to coordinately regulate a
cluster of genes constituting a virulence regulon in patho-
genic L. monocytogenes. A common palindromic sequence
located at the spatial region corresponding to the -44 region
of the promoters of these genes may be responsible for
mediating regulation of the prfA gene product (27).
Evidence has recently been accumulating that the expres-

sion of virulence in pathogenic Listeria spp. is coordinately
regulated. Kathariou and colleagues have described the
isolation of transposon Tn916-induced mutations in a viru-
lent L. monocytogenes strain that led to concomitant loss of
the hemolytic phenotype, loss of production of lecithinase
activity, and loss of the ability to enter mammalian cells (13).
The point of insertion of the transposon and the gene
affected, however, were not characterized. In an experimen-
tal analysis to determine the genes involved in intracellular
survival of virulent L. monocytogenes in tissue culture cell
lines, Sun et al. isolated a mutant, designated DAP-L973,
which produced low levels of listeriolysin and phospholipase
C, showed no association with F-actin in the eucaryotic cell,
and is defective for cell-to-cell spread (33). An inspection of
sequences available for insertion of the transposon in mutant
DAP-L973 indicates that it is located precisely -13 bp
proximal to the RNA start site of the prfA gene (21; our
unpublished results). This could account for the low level of
expression of the lisA and pic genes in this mutant strain. By
extension, the lack of association of this mutant with cellular
F-actin suggests that a further bacterial gene, involved in
F-actin interaction, is under the control of the PrfA protein.
More recently, Mengaud and colleagues have reported that

prf A pIPIc lisA mDI ORF
+

FIG. 7. Schematic diagram of virulence determinants regulated by the product of the prfA gene. Arrows indicate the direction of
transcription of the respective genes. Note that the genes flanking the listerioysin gene are organized in operons. The potentiating effect of
the PrfA protein on the expression of the various genes is indicated (+). Other gene loci required for the expression of virulence of these
bacteria remain to be determined. ORF, open reading frame.
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the production of lecthinase is also under the regulation of
the PrfA regulator (24a).
The avirulence of the prfA mutant in the mouse model of

infection is therefore not only the result of lack of listeriol-
ysin, PIPLC, and metalloprotease production but also in-
volves other genes required for intracellular replication and
persistence. The results presented here and elsewhere (13,
21, 33) suggest that invasion, intracellular bacterial cell
motility, and cell-to-cell spread may also be under prfA
control.
The results of this study identify a single gene whose

product is involved in positively regulating the expression of
virulence in pathogenic Listeria strains. Genes under the
control of the PrfA regulator also appear to be involved in
processes operating very early in the infectious process and
include the ability to invade and colonize gut mucosal
surfaces prior to spreading into deeper tissues of the host
(Fig. 7). The identification of the other genes coordinately
regulated by prfA and a study of the environmental signals
that modulate the expression of this important protein will
provide us with further insights into the evolution in bacteria
of the mechanisms which allow successful invasion of and
survival within the eucaryotic host.
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